Electron probe microanalysis (EPMA) under grazing-exit conditions allows us to perform microscopic surface analysis, thin-film analysis and particle analysis. To evaluate the thickness and density of thin-films, it is necessary to calculate X-ray intensities as a function of the exit angle. In this paper, we propose a procedure to calculate X-ray intensities as a function of grazing-exit angle. Monte Carlo simulation is used to determine the depth distribution of the electron-induced X-ray production and a multilayer model is applied to include the grazing emission process. The exit angle resolved curves, calculated for Ni thin films, were compared with experimental curves. A good agreement between the experimental plots and the calculated curves indicates that the proposed computational approach can be applied successfully to the calculation of EPMA intensities. Appling this calculation, the lateral resolution of EPMA was also evaluated at different take-off angles. It was suggested that the lateral resolution would be improved under grazing-exit conditions.
I. INTRODUCTION
The penetration depth of electrons in solid samples strongly depends on the energy of the electrons. It is possible to perform surface and thin-film analysis by electron probe microanalysis (EPMA) using low energy electrons [1] [2] [3] . The study of low energy EPMA is gaining interest in the field of X-ray spectrometry. However, when we use energy-dispersive X-ray detectors with a low energy resolution, the selection of analytical lines becomes serious problem in some cases.
A recently developed method, 'grazing-exit EPMA (GE-EPMA)', enables surface-sensitive analysis. GE-EPMA has successfully been applied to localized thin-film analysis and single-particle analysis [4] [5] [6] . Compared to conventional EPMA, the most distinctive characteristic of GE-EPMA is in control of the take-off angle for detection of characteristic X-rays. In the case of GE-EPMA, X-rays are measured at grazing angles smaller than 1 degree. This special configuration makes surface sensitive analysis possible. X-rays, which are produced deep inside a sample, are strongly absorbed in the sample before they reach the detector. In addition, these X-rays are refracted at the surface of the sample, and are obstructed by slit, which is fixed in front of the detector. Therefore, these Xrays are not detected through the slit under grazing-exit conditions.
Thin-film analysis is one of the useful applications of GE-EPMA. In principle, by analogy to grazing exit Xray fluorescence [7] , it is possible to estimate the thick- * This paper was presented at The 4th International Symposium on Atomic Level Characterizations for New Materials and Devices (ALC '03), Kauai, Hawaii, USA, 5-10 October, 2003. † Corresponding author: tsuji@a-chem.eng.osaka-cu.ac.jp ness and density of thin films with GE-EPMA [6] . This thin-film analysis is performed by comparing take-off angle resolved X-ray intensities (experimental results) with calculated angle dependent curves. Actually, the authors have performed thin-film analysis using this curve fitting method [7, 8] . The characteristic X-ray intensities were calculated with a multilayer model [6, 7] . In this calculation, however, the actual depth-distribution of the electron induced X-ray production was not taken into account. It was assumed that the X-rays were produced homogeneously throughout the thin film. Only the grazing exit process was considered for the calculation. However, strictly speaking, the depth distribution of the Xray production should be included in the calculation of the X-ray intensities at grazing exit angles. In this paper, we propose a computational approach to calculate GE-EPMA intensities, which combines two phenomena: the depth distribution of X-ray production and the exit angle dependence of emitted X-rays.
II. CALCULATIONS

A. Depth Distribution of Generated X-rays
In a solid sample, electrons are scattered in various directions. To simulate the trajectories of these electrons, Monte Carlo simulation can be used [9] . Multiple-elastic scattering and inelastic scattering can be included in the simulations. As a result, depth and lateral distributions of electrons and characteristic X-rays can be obtained. It has been shown that the obtained results agree well with the experimental results of EPMA [9] [10] [11] .
Monte Carlo simulation software packages are widely available. The CASINO program [12-14] is one of them, which was developed by research team of R. Gauvin (Sher- brooke University, Sherbrooke, Canada). In CASINO simulations, many important parameters, such as sample composition, electron energies, number of electrons, incident angle of the electrons, etc. can easily be changed. Figure 1 shows a typical example of electron trajectories, simulated with CASINO. Although a total of 100,000 electrons were used in the actual simulations, Fig. 1 only shows the trajectories of 200 electrons not to obscure the picture. Finally, the depth (Z) distribution (I e (Z)) of the X-ray intensity generated by electrons was obtained. Figure 2 shows a typical distribution of Si K α induced by electrons (20 keV, 100,000 electrons) as a function of the depth in the Si wafer.
B. X-ray Emission at Grazing Angles
Next, we had to take into account the X-ray emission process at grazing exit angles. At these angles, refraction and reflection on the surface and other material interfaces are important phenomena. As a general approximation, we have used a multilayer model, which is shown in Fig.3 . Details of the calculations are described elsewhere [7] . In this model, we assume that X-rays, having the same energies as the analyzed X-rays, are impinging on the sample surface at a grazing incident angle. According to the reciprocity theorem [15, 16] , the intensities of the X-rays, which are emitted at a depth Z in the jth layer and which are observed at a grazing exit angle, are proportional to the X-ray intensities, which are impinging at the same grazing incident angle and which are produced at the depth Z in the jth layer. These X-rays produce an electric field (E j (Z)) at a depth Z in the jth layer as shown in Fig. 3 . Therefore, the X-ray intensities (I j ) emitted from the jth layer can be expressed as follows: By using Eq. (1), it is possible to calculate the intensities of characteristic X-rays as a function of the exit angle. Equation (1) can be applied to various samples, such as a flat substance with a single surface layer or multiple surface layers.
C. Calculation of Electron-Induced X-ray Intensities at Grazing Exit Angles
The intensities of electron-induced X-rays observed at grazing exit angles can be calculated by combining the two processes described previously: i.e., calculation of the depth distribution of the X-ray production and calculation of X-ray emissions at grazing exit angles. Thus, the equation consists of the terms of I e (Z) and E(Z) as follows:
The absorption effect of the characteristic X-rays in each layer is included in this equation.
III. RESULTS AND DISCUSSIONS
A. Thin-Film Analysis
Details of the GE-EPMA setup used in this study have been described elsewhere [6, 17] . To change the angle of detection, the energy dispersive X-ray (EDX) detector was moved vertically using a linear positioning (Z-) stage. A slit of 0.2 mm was fixed at a distance of about 100 mm from the sample in front of the EDX detector. A computer controlled both the EDX analysis and the Z-stage.
Using Eq. (2), the intensities of Ni Kα X-rays emitted from a single Ni layer on a Si wafer were calculated as a function of exit angle. The numerical results for different thicknesses of Ni layers are shown in Fig. 4 . It is evident that the shape of the angle-dependent curves changes depending on the thickness. Oscillation structures can also be observed, which are caused by the interference between the reflected X-rays and refracted X-rays in the layer. The period of the oscillations depends on the thickness of this layer. Therefore, in principle, the thickness of the thin film can be evaluated from the shape of the curve and the period of the oscillations.
The experimental results are given in Fig. 5 . The Ni thin films were prepared on Si wafers by magnetron sputtering. The thickness was controlled by adjusting the sputtering time after measuring the sputtering rate. For these samples, the intensities of Ni Kα X-rays were measured as a function of the exit angle. The experimental curves shown in Fig. 5 agree well with the theoretical curves shown in Fig. 4 . The effect of angular divergence due to the slit width was not included in the calculations of the angle-dependence of the Ni Kα intensities. This is probably one of the reasons why in the experimental curves the Ni Kα intensities do not increase sharply at the critical angle, i.e. near 7.5 mrad. In addition, the statistic errors on the Ni Kα X-ray intensities were too large to observe the oscillations in the angle-dependent curves. To observe these oscillations, it would be necessary to use an electron beam with a higher current, a more efficient X-ray detector system and higher exit angle resolving power, allowing a higher resolution of the experimentally determined angle-dependence.
B. Improving the Lateral Resolution of EPMA
Due to electron scattering in the sample, characteristic X-rays are produced within an interaction volume that has a significantly larger cross-section than the impinging beam size, as shown in Fig. 6 (a) . At conventional detection angles (typically ∼ 40
• for EPMA) the lateral resolution is determined by the dimensions of this interaction volume. In the case of GE-EPMA, however, only the X-rays that are emitted close to the surface (few nm) are detected, as shown in Fig. 6 (b) . Therefore, the lateral resolution of GE-EPMA is limited only by the crosssection of the most top layer of the interaction volume. By using Monte Carlo simulations, the spatial distributions of the X-ray production inside different sample materials were evaluated for different electron beam accelerating voltages. As can be seen in Table I , the lateral dimensions of the observed part of the X-ray production volume are reduced considerably under grazing exit conditions, especially for light elements and at large accelerating voltages. For example, when using a 20 keV electron beam (beam diameter: 50 nm) the lateral resolution of a conventional EPMA of Si Kα from a Si substrate was estimated to be 1415 nm, while that of GE-EPMA was only 171 nm. These results indicate that it is possible to improve the lateral resolution of EPMA by applying grazing exit x-ray measurement.
IV. CONCLUSIONS
An algorithm was developed to calculate electroninduced X-ray intensities at grazing-exit angles. This computational approach combines two calculation processes: the calculation of the depth distribution of electron-induced X-ray production, and the calculation of X-ray intensities emitted at grazing angles. The calculated angle-dependences were compared with experimentally determined curves, which were obtained for Ni thin films. The calculated values well agree with the experimental results. In principle, it is possible to evaluate the thickness and density of thin films by fitting calculated curves to experimental plots, because the thickness and the density are important parameters that influence both the shape of the curve and the critical angle at which the X-ray intensities increase sharply. Analysis of the oscillation structures that are theoretically expected will be useful to perform more detailed analysis of thin films. However, for this purpose, observed X-ray intensities have to be enhanced considerably. The development of more efficient X-ray detection systems will also be an important task.
